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Heavy quarkproductionprobesQCD at the interfaceof the perturbative andnon-perturbative regimes.
Studyingtheproductionof heavy quarksis an importanttestof modelsin both regimes. In this article,
recentresultson beautyandcharmproductionfrom the CDF andDØ experimentsat the Tevatronare
reported.Theseincludemeasurementsof correlatedbb̄ production,they

�

2S� productioncrosssection,
and¡

�

1S� and¡
�

2S� polarization.

1 Intr oduction

The study of heavy quark productionis an important test of modelsof both perturbative and non-
perturbativequantumchromodynamics(QCD).Sincethedevelopmentof nonrelativistic QCD(NRQCD),
theagreementbetweentheoreticalpredictionsandmeasuredvaluesof heavy quarkproductioncrosssec-
tionshasimprovedgreatly. However, recentJ � y andy � 2S� polarizationmeasurementsat theTevatron1

indicatetheunderstandingof heavy quarkproductionis not yet complete.
TheTevatronat theFermiNationalAcceleratorLaboratoryproducespp̄ collisionswith a centerof

massenergy of 1 � 96TeV. TheColliderDetectoratFermilab(CDF)andDØ experimentsemploy general
multipurposedetectors2 � 3 to reconstructparticlephysicseventsfrom thesecollisions. With b-hadron
crosssectionsof � 30µb �	� h ��
 1 � 0� , 2 � 4 CDFandDØ have awealthof experimentaldataon b-hadrons.

2 Correlatedbb̄ Production

The crosssectionfor producing,in hadroniccollisions,both the b and b̄ quarkscentrallyand above
a given pT thresholdis referredto as the bb̄ correlationsbÅb. The exact next-to-leadingorder (NLO)
predictionof sbÅb appearsto bearobustperturbativeQCDprediction,differingbyonly afew percentfrom



theleadingorder(LO) prediction.However, RunI measurementsof s bÅb attheTevatronareinconclusive,
with anaverageratio of themeasureds bÅb over theexactNLO prediction(R2b) of 1 � 8 with a 0 � 8 RMS
deviation.5

In thismeasurement,6 sbÅb is obtainedin 740pb�

1 of CDFdatausingdimuoneventswith pT � µ�

� 3
GeV/c, � h � 
 0 � 7, andinvariantmassm�� �

�

5 � 80� GeV/c2. This correspondsto bb̄ pairswith pT �

2
GeV/c andrapidity � y ��� 1 � 3. At the Tevatron,dimuoneventsmainly result from the decayof heavy
quarkpairs(bb̄ or cc̄), theDrell-Yanprocess,thedecayof charmoniumandbottomonium,andthedecay
or misidentificationof p or K mesons.To determinethebb̄ andcc̄ contentof thedata,we fit theimpact
parameterdistribution of themuontracks.Theimpactparameterd0 is definedasthedistanceof closest
approachof the track to the primary event vertex in the transverseplane,andit is proportionalto the
decaytime of theparentparticle.

Theone-dimensionalimpactparameterdistributionsof muonsfrom b andc decaysaremodeledby a
tunedHerwigsimulation,6 while thedistributionsof promptmuonsarereconstructedusingmuonsfrom
¡ � 1S� decaysin thedata.Becausetheimpactparametersof thetwo muonsareto �rst orderuncorrelated,
thethree1D templatesmaybecombinedinto six 2D templatesto representeachpossibledimuonsource
(bb̄, cc̄, cb, prompt-prompt,prompt-b, andprompt-c). Thesesix templatesarethenusedto performa
maximumlikelihoodfit to the2D distribution of the impactparameterof bothmuonsto extract thebb̄
andcc̄ components.Theprojectionof the2D impactparameterdistribution is comparedto thefit result
in Figure1.

Fromthisfit, wemeasurethedimuoncrosssectionsto bes b	 � �

Åb 	 � 


1549� 133pbands c	 � � Åc 	 �



624� 104pb,wherethequotederroris thesumin quadratureof statisticalandsystematicuncertainties.
In orderto comparewith theoreticalpredictions,we evaluatetheNLO dimuoncrosssectionusingthe
MNR generatorwith theeventsdecayedbyEvtGen.6 Thisgivesavalueof s NLO

b	 � �

Åb 	 � 


1293pb,resulting
in aratioof R2b




1 � 2 � 0 � 2. Thismeasurementis in agreementwith theNLO theoreticalprediction,and
doesnotconfirmtheanomalouslyhigh dimuoncrosssectionobservedin RunI.

3 y � 2S� Production CrossSection

Charmoniumproductionprovidesanotherarenain which to testour understandingof QCD.Thedevel-
opmentof NRQCDwaspromptedin partby theCDFRunI measurementsof J � y andy � 2S� production
crosssections.7 A new CDF measurementof the y � 2S� productioncrosssectionpushesthe pT range
fartherinto theperturbative QCD regimethanwaspossiblewith RunI data.8

Wereconstructy � 2S�
� µ� µ� using1.1fb �

1 of CDFdata.Wethenperformanunbinnedmaximum
likelihood fit in the y � 2S� massandproperdecaylengthct distributions. The massfit separatesthe
signalfrom thebackground,while thect fit separatespromptly-producedy � 2S� from y � 2S� originating
from secondarydecaysof long-livedparticles(predominantlyB mesons).They � 2S� pT rangeof 2 to 30
GeV/c is divided into 25 bins,andthesignalyield andpromptfraction in eachpT bin areextractedby
thelikelihoodfit.

They � 2S� acceptancedependsuponthey � 2S� polarization.TheCDFmeasurementof y � 2S� polar-
izationis statisticallylimited, with only threemeasureddatapoints.1 Wetake theaverageof thesethree
datapointsastheeffectivepolarizationaeff




0 � 01 � 0 � 13,wherea is definedaccordingto Equation(1),
andusethisvalueto calculatethey � 2S� acceptancein eachbin of y � 2S� pT.

Thefinal resultis shown in Figure2, wherethepromptlyproducedy � 2S� areseparatedfrom those
producedin B decays.The CDF Run I measurementis alsoshown in Figure2. The integratedcross
sectionhasincreasedby 18 � 19%from theRunI measurement,comparedto a theoreticalpredictionof
14 � 8% for thechangein centerof massenergy from 1 � 80 TeV to 1 � 96 TeV. 8 Theintegratedinclusive
differentialcrosssectionis measuredto be

s � pp̄ � y � 2S� X � � y � y � 2S� � � 
 0 � 6 � pT
� 2GeV� c��� s� 1 � 96TeV �

Br � y � 2S��� µ� µ�
�




3 � 17 � 0 � 04� stat� ��� 0 � 28� syst� � nb�



Figure1: Projectionof the two-dimensionalimpactparameter
distributionof muonpairscomparedto theresultof a fit for the
bb̄ andcc̄ components.Thedifferentlettercombinationsin the
legendindicatethedimuonsource,asexplainedin thetext: “B”
for a muon from a b quark, “C” for a muon from a c quark,
and“P” for a promptmuon. The legendgives the numberof
eventsfoundby the fit for eachdimuonsource,alongwith the

statisticaluncertainty.
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Figure2: Thedifferentialcrosssectionfor prompty
�

2S� (solid
circles)andy

�

2S� from B mesondecays(hollow circles). The
crosssectionfor y

�

2S� from B mesondecaysis scaleddown
by a factorof 10 sothatthetwo curvesmaybeseenseparately.
Triangularmarkersindicatetheresultsof aCDFRunI measure-
ment,whichhasnotbeenscaledto accountfor thedifferencein

centerof massenergy.7

4 Polarization of ¡ � 1S� and ¡ � 2S�

Recentmeasurementsof the J � y andy � 2S� polarizationat CDF show significant longitudinalpolar-
izationwith increasingpT, 1 while NRQCD predictstransversepolarizationat sufficiently high pT for
S-wave quarkonia producedin pp̄ collisions. Now DØ presentsnew measurementsof the ¡ � 1S� and
¡ � 2S� polarization,anotherimportanttestof thetheoreticalapproachesto QCD.

Thepolarizationis measuredin theparametera, definedas:

a



sT �

2sL

sT
�

2sL
(1)

wheresT andsL are the transverseand longitudinally polarizedcomponentsof the crosssectionre-
spectively. If the transverseand longitudinal statesare equally populated,one measuresa




0; for
longitudinalpolarization,a 
 0, while for transversepolarizaton,a � 0. In quarkoniadecayto a lepton
andanti-lepton,a maybeobtainedfrom theangulardistribution

dN
d � cosq� �

µ 1
�

a cos2 q� (2)

whereq � is theanglebetweenthe¡ in thelab frameandthepositive leptonin the¡ restframe.
Using1 � 3 fb �

1 of DØ data,wefind 420000¡ � nS� � µ� µ� candidates.9 The¡ dataaredividedinto
severalbinsin ¡ pT � p¡

T � and � cosq�

� , andthenumberof ¡ � 1S� and¡ � 2S� in eachbin areextractedfrom
a fit to the ¡ massdistribution. Themasssignalconsistsof threepeaks,the ¡ � 1S� , ¡ � 2S� , and¡ � 3S� ,
wherethe massdifferencesbetweenthe peaksarefixed to the measuredvalues.10 Unfortunately, the
numberof ¡ � 3S� wasinsufficient to extract theangulardistributions. Theangulardistribution in each
bin is comparedto ¡ � 1S� and¡ � 2S� Monte Carlo sampleswhich weregeneratedwith the parameter
a set to zero. The measuredvalue of a for the datais then determinedby reweighting the angular
distributions in the Monte Carlo. The dependenceof a on p¡

T is plotted in Figure 3 for both ¡ � 1S�

and¡ � 2S� , alongwith varioustheoreticalpredictions.While statisticsfor the ¡ � 2S� areinsufficient to
draw aconclusion,in the¡ � 1S� thereis significantpT dependentlongitudinalpolarizationwhich is only
marginally consistentwith any of thetheoreticalpredictions.



D , Run 2 Preliminary, 1.3 fbÐ 1 D , Run 2 Preliminary, 1.3 fbÐ 1

Figure3: On the left is shown thedependenceof thepolarizationparametera on p¡
T for the¡

�

1S� . Theblackpointsarethe
DØ data,while thegreentrianglesaretheCDFRunI result.11 Theyellow bandcorrespondsto anNRQCDprediction,12 while
the two dashedcurvesaretwo limiting casesfrom kT factorizationmodels.13 The lower line correspondsto the quark-spin
conservation hypothesis,while the upperline correspondsto the full quark-spindepolarizationhypothesis.On the right is
shown thedependenceof a on p¡

T for the¡
�

2S� . ThebluepointsaretheDØ dataandtheyellow bandis anNRQCDprediction.

5 Conclusions

Recentmeasurementsof thebb̄ correlationandthey � 2S� crosssectionat theTevatronarein agreement
with NLO and NRQCD predictions. However, measurementsof quarkonia polarizationin the same
perturbative pT regime show discrepanciesfrom theoreticalpredictions. Theoreticalmodelsarenow
challengedto matchthepolarizationmeasurementswhile continuingto describethecrosssectiondata.
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